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1.  

 

CO2

2005

HC CO NO

DOC Diesel Oxidation Catalyst NOx

NH3 NOx SCR ;Selective Catalytic 

Reduction Catalyst NH3 ASC; 

Ammonia Slip Catalyst 2009

DOC PM

DPF Diesel Particulate Filter 1-1  

 

 

1-1  

 

2010 2011

NOx 2012

SCR ASC HC

HC

2014 8 450 DOC

SO2
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2014 2018

19 65 km

1 2 3

NOx NO NO2 CO2 300

N2O DOC

SCR ASC

 

28 SCR

Fe
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2.  

 

2.1  

DOC SCR ASC DOC SCR

DOC SCR ASC

3

2-1  

 

 

a. 10,000 1 

10,000 1 10,000L min-1

10L 1L min-1 1mL

0.1g  

 

b.  

 

 

c.  
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2-1  

 

2.2  

 

 

2.2.1  

2-

2a

SCR ASC DOC

DOC ASC Pt

SCR SCR

W40mm  D40mm  

H12.5mm  

DOC SCR

4 ASC

2

 

300cpsi 12 400cpsi
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21 12.5mm 0.27 0.4mL

2-3 9mm 360mm

400mL min-1

1h 60,000 90,000h-1

 

 

2.2.2  

m

SiC

 

40 60mg 0.3 0.5mm 0.8g

2-2b 2-3

1L 150g

400mL min-1 60,000

90,000h-1  

5.1  

 

 

2-2a  
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2-2b  

 

 

 
2-3  

 

2.3  

 

2.3.1  

2-4 2 K 0.65mm

2mm 2mm

MF

MF

NO2 400mL min-1 20 101.3kPa

100 0 10
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2-5 2 DOC SCR

NH3

3 DOC SCR ASC DOC

SCR ASC

NH3 100  

 

 
2-4  

 

 

2-5  
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2.3.2  

2-1  

DOC PM

HC P Ca Zn SCR

500 600

(HC NH3 )

3 min-1 10 25 30min  

 

2-1  

 

 
 

2.3.3  

2-2 DOC SCR ASC

1% 10% N2

DOC HC NO

SCR Standard-SCR Fast-SCR ASC NO

5.2  
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2-2  

 
 

2.3.4  

FT-IR

2-3 113

Pike Technologies 2.4m 0.1L FT-IR iS-

10 0.5cm-1

5.3  

 

2-3  
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2.4 4  

 

2.4.1 DOC HC CO NO  

DOC 2 HC CO CO2 H2O

HC 2C3H6 + 9O2  6CO2 + 6H2O NO NO2

2NO + O2  2NO2 DPF PM

SCR NOx DOC

HC CO NO  

 

HC  (CO2) outlet/(HC) inlet × 100 %  

CO  (CO2) outlet/(CO) inlet × 100 %  

NO   (NO2) outlet/(NOx) outlet × 100 % NOx = NO+NO2 

 

DOC 800 6h HC

NO 2-6 2-7

5.1.1  

HC

S 100% 50%

T50 10%

125 =1

 

NO 100

NO2/NOx 2-10

NO 50% T50

150 300  

HC NO T50
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2-6 DOC HC  

 

 

2-7 DOC NO  

 

2.4.2 SCR Standard-SCR Fast-SCR  

SCR O2 NOx NH3 N2

NO NH3 Standard-SCR 4NO 

+ 4NH3 + O2  4N2 + 6H2O NO NO2 NH3 Fast-SCR 2NO + 

2NO2 + 4NH3  4N2 + 6H2O NO2 NH3 NO2-SCR 6NO2 + 8NH3  7N2 + 

12H2O 3 2 SCR
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Standard-SCR Fast-SCR NOx

NH3 N2O

 

 

NOx   [(NOx)inlet - (NOx)outlet] / (NOx)inlet ×100 %  

NH3   [(NH3)inlet - (NH3)outlet] / (NH3)inlet ×100 %  

N2O  [2×(N2O)outlet] / (NO+NO2)inlet ×100 %  

 

SCR 800 30% 5h

Standard-SCR Fast-SCR 2-8 2-9

5.1.2

NOx NH3

NH3 NOx NOx NH3

NOx NH3 N2O

NOx 50% T50

150 300 NOx NH3 N2O

NOx 50%

30 150

NO  

Standard Fast-SCR T50 NOx NH3

N2O
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2-9 SCR Fast-SCR  

 

2.4.3 ASC NH3  

ASC SCR SCR NH3 N2

4NH3 + 3O2  2N2 + 6H2O N2O NOx

ASC NH3 N2O NOx

 

 

NH3   [(NH3) inlet - (NH3) outlet] / (NH3) inlet ×100 %  

N2O  2×(N2O) outlet / (NH3) inlet ×100 %  

NO  (NO+NO2) outlet / (NH3) inlet ×100 %  

 

ASC NH3 2-10

5.1.3

NH3 50% T50 150

300 NH3 N2O NH3

T50 NH3 N2O
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2-10 ASC NH3  

 

2.4.4 DOC SCR DOC SCR ASC  

DOC SCR 2 2-11

ASC 3 2-12

Standard-SCR NOx NH3 N2O

150 300 NOx
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2-13 SCR DOC ASC 2 3
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2-11 2 DOC SCR  

 

 
2-12 3 DOC SCR ASC  
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2-13  
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3.  

 

SCR NOx

SCR SCR

 

SCR +

Zn Ca

3-1

2,3 2  

 

 
3- SCR  

 

3.1  

 

5 12% SCR

300 DPF 500

USDRIVE Driving Research and Innovation for Vehicle Efficiency 

and Energy Sustainability 5 800 5%H2O 16h

5% 6 7 7% 8 9 10% 10 , 11 , 12 , 13 , 14 , 15 , 16 12.5%

17   

Ce
Ce

Ce

Ce

Fe
Fe Al

NH3

Al-
Al-

Al-Al- Fe2+
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Al-
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Fe2O3

Fe3+
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Al

18

 

 

3.1.1  

3-2a 0.5g

MF

500mL min-1

3-

2b 50%

90  

3-2c

10% 75% 650 850

5 168h 800 -10%-5h

 

 
3-2 SCR  

 

3.1.2 19  

2.4.2 Standard-SCR NOx NH3
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N2O  

Cu-SSZ-13 800 10 30 50%

5h 4 Standard-SCR NOx

3-3 3-4 20h

150 NOx 1

850 10%

800 30% 750 50% 3-5 700 10%

168h 0.73 30% 20h

750 h
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3-5  

 

3.2  

 

S

SO2 H2SO4

SCR

 

 

3.2.1  

DOC SO2

SO3 H2SO4 SCR

3.6 1 DOC SCR

DOC SCR 9mm

360mm DOC SCR

SCR

100ppm SO2 400ml min-1

DOC SCR 5h S

4km L-1 S 10 g/g 10ppm 0.82

150 km  

 

3.2.2  

2.4.2 Standard-SCR NOx NH3

N2O  
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3-8a Standard-

SCR 150 250 NOx 300

300 2h 3-

8b 500 NOx

Cu-SSZ-13 SO3
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3-7 SCR   

32

12.8
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4.  

 
Pt Pd Cu

4.1

 
 

4.1  

 

4.1 ICP  
 

4.1.1  

Inductively Coupled Plasma; ICP

Ar

 

 

4.1.2  

60 0.15

   

 
ICP  

XPS  

SEM-EDX 100nm 1mm  

TEM-EDX 1 100nm  

 

BET  

XRD  

NMR Al Si  

NH3-TPD  

 
 Pt  

H2-TPR Cu  
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4.1.3 3  

19 32 km DOC

S P 4-1a

S 0.3wt% P 1.1 1.3wt

S P

32 km SCR

S 0.007wt% P 0.002wt% SCR

 

 

 
4-1 ICP  

 

4.2 X X-ray Photoelectron Spectroscopy; XPS  

 

4.2.1  

Al K h =1487 eV X X

Ek X

h Eb  

 Ek =h  – Eb 

Ek

X 20 1000eV

1nm

19 km 32 km

0
0.001 0.002 0.005

0.007

0
0.002 0.002

0 0

S P

a. DOC
19 km 32 km

b. SCR
32 km

32 km
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X

eV chemical shift

 

 

4.2.2  

Mo Al K Mg K h =1254 eV

 

 

4.2.3 3  

19 32 km DOC

S P Ca XPS 4-2

S P Ca S +6

P Ca CaSO4

CaCO3  

 

 

 
4-2 XPS  
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4.3 X Scanning 

Electron Microscopy –Energy Dispersive X-ray microscopy; SEM-EDX  

 

4.3.1  

EDX X

X

 

 

4.3.2  

3 5 L12.5mm

30 60 m

 

 

4.3.3  

32 km DOC

JSM-7400F 4-3a 3

2MgO 2Al2O3 5SiO2 50μm

Al2O3 Pt Pd 200

100μm S

P Al Si Mg

 

DOC ASC 4-3b

3 ASC 50 100μm

SCR Fe

PtPd DOC S P ASC

 

28 SCR

4-3c 50 100μm Cu

Cu
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4-3a SEM-EDX DOC 32 km  

 

 

 
4-3b SEM-EDX ASC 32 km  
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4-3c SEM-EDX SCR  

 

4.4 X Transmission 

Electron Microscopy – Energy Dispersive X-ray Microscopy; TEM-EDX  

 

4.4.1  

TEM 0.1nm

10 EDX

X X

 

 

4.4.2  

 

 

4.4.3  

19 32 km DOC

4-4a 3 PtPd Pt Pd

7nm 19 km
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32 km 10 14nm 50nm

DPF

d nm  

d rk2 /n 0.5 

n ra

rb rarb 0.5 rk k=1 2 n 2

dn nkdk / nk ds nkdk3 / nk2 dv

nkdk4 / nk3 20 CO

 

SCR Cu-SSZ-13

4-4b 19 Cu Al Si

Cu Al

Cu Al

 

 

 
4-4a TEM-EDX DOC 19 km 32 km
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4-4b TEM-EDX SCR  

 

 

4.5  

 

4.5.1  

1

1

 

BET Brunauer-Emmett-Teller

BET 0.3 1

BET 0.05 0.35  

 

4.5.2  

BET1 0.1g N2 300

10 H2O 77K



 
2022.5.31  

31 
 

30%N2/He N2  

 

4.5.3 3 19  

19 32 km DOC

4-5a  

SCR 150

NOx 4-5b 8

415m2/g 350m2/g 0.9 0.6

 

 

 

4-5 BET  

 

4.6 X X-ray diffraction; XRD  

 

4.6.1  

X

 

 

4.6.2  

0.5 mm Cu Ka

X 1.5418 40kV/30mA 0.01° 2 5 70° 12° min-1
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2 XRD

 

 

4.6.3 19  

4-6 SCR Cu-SSZ-13 XRD

Cu H-SSZ-13 20.90° hkl

211 15 2 30°

 

21

1 2 m 1:1

XRD 4-7a XRD hkl 113

43.2 2 43.5° hkl 211 20.7 2 21.0°

1 4-7b NO

0.8 0.9 0.6

 

 

 

4-6 X :SCR
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4-7 XRD  

 

 

4.7 Solid-State Nuclear Magnetic Resonance

NMR  

 

4.7.1  

NMR

 

 

4.7.2  

14.1T 27Al 29Si Larmor 156.44 119.28MHz

1 3600 27Al 29Si Al NO3 3

1.0mol L-1  

 

4.7.3 19  

SCR Cu-SSZ-13

Al Si 4-8 27Al-NMR 60ppm

4 tetrahedral Al 0ppm 6

Octahedral Al 22

4 Al 6 Al 4 23

45ppm

Al  

chabazitea b
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29Si-NMR 4-8b -105 -110ppm

Al Si Al Si

Al 27Al-NMR  

 

 

4-8 Al Si NMR  

SCR  

 

 

4.8 NH3-TPD  

 

4.8.1  

NH3

SCR

NOx NH3 SCR

NH3

NH3  NH3 

 NH3  

 

4.8.2  

0.04 0.1g 0.8g 20%O2/N2 500 0.5h

N2 100 0.2%NH3/N2 0.5h N2 300mL min-1 N2
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10 min-1 600 NH3 FT-IR 5.3

 

 

4.8.3 19  

SCR 4-9a H-SSZ-

13 200 350 NH3-TPD

300 800 -10%-5h 250

400

800 -50%-5h NH3

Si-O-Al - H

2 Si-O-Al - Cu2+ NH3

24   

PeakFit Hulinks ver.4.12 4-9b

peak1 peak2 peak1 peak2 4-9c peak1

peak2 4-9d NH3 150 1

peak1 peak2

NH3

 

NH3 NH3

4-10 NH3 N2 1% 1h TPD
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4.9 NH3 NH3-TPD  

SCR  

 

 
4-10 NH3-TPD  

Cu-SSZ-13 750 30% 10  

 

NH3
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4.9  
 

4.9.1  

DOC ASC Pt Pd 1 100nm

0 1

 

 

4.9.2  

400 50

1 1 CO H2

0.02 1cm3STP

a mol 4-11a 25

b mol D = a/b H2

H H2 2  

 

4-11 CO  
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4.9.3 1  

63 km DOC

4-11b

 

 

4.10 H2-TPR  

 

4.10.1  

Cu  

 

4.10.2  

0.2g 1g 20%O2/N2 500 0.5h 50

N2 2%H2/N2 500mL min-1 10 min-1 750

1.1%O2/N2 200 2H2

O2 H2O O2 1000ppm

H2  

 

4.10.3 19  

SCR Cu H2 4-12a

250 800 -10%-5h 400

800 -30%-5h 800 -50%-5h 400

550 250

Cu OH +-Z Cu Z Si-O-Al - 400

Cu2+-Z2 2 Al O Cu2+

CuOx 550 CuOx 0 14 Cu

2 1

2 0

CuO  

750 H2-TPR H2

Cu H/Cu mol/mol NOx

4-12b H/Cu 1

1 0.6 H/Cu

0.6 H/Cu 2 0 1

Cu OH +-Z Cu2+-Z2
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CuO  

 

 
4-12 H2-TPR  

 

  

0

50

100

150

200

50 150 250 350 450 550 650 750

H
2x

2 
(p

pm
)

Temperature ( )

800 -10%-5h

800 -30%-5h

800 -50%-5h

Fresha b
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5.  

 

5.1  

 

 

5.1.1 DOC 

DOC PtPd/Al2O3 Pt Pd

-Al2O3

GB45 5-1a 4g 20g

1%Pt 6g 1%Pd 2g

24h 150 16h 10%H2

400 1h 600 3h [1.5wt%Pt

0.5wt%Pd] Al2O3 800 6h

5-1  

 

 

5-1  
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5-1  

 
 

DOC

NO HC 5-2

 

 

5-2 DOC  

 

 

5.1.2 SCR  

SCR Cu

H-SSZ-13 HSZ-D12HOA Si/2Al=16.6

5-1b 0.05mol L-1 1L H-SSZ-13 25g

24h Cu 210%

PtPd NH3

m2 g-1 CO/(Pt+Pd) mmol g-1

DOC 1.5wt%Pt0.5wt%Pd/Al2O3

132 0.47 -

126 0.20 -

SCR
(NOx

)
3.7wt%Cu-ssz-13

415 - 1.24

31 - 0.22

ASC
(

)

DOC SCR
1:20

401 - -

35 - -
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pH 6 CO2

5 150 24h 550 3h

3.7wt%Cu-SSZ-13 Cu 60%

30%H2O 800 5h

5-1  

SCR

Standard-SCR 5-3 NOx NH3

N2O

 

 

 

5-3 SCR  

400ml/min 200ppmNO 220ppmNH3 1%H2O 10%O2 3

/min   

 

5.1.3 ASC 

ASC DOC SCR 5-1c

1:20

NH3 5-4a NH3 N2O

NOx

 

ASC 4.3.3 SCR

5-4b NH3

NOx 2 N2

5-4b SCR
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NH3 NOx

NOx

NOx 300

NH3 N2O

 

 

 
5-4a ASC  

400ml/min 220ppmNH3 1%H2O 10%O2 3 /min   

 

 
5-4b ASC  
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SCR

Pt
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5.2  

 

N2 O2 NOx NO+NO2

200ppm CO2 5 12.5% SO2 0 1ppm

HC 10 20000ppmC

DPF

HC

 

 

5.2.1 DOC 

HC HC 6 CH4

C2H4 C3H6 C3H8

C10H22 +1- C11H10 9:1

5-5 HC

300 HC 200 100%

DOC +1- HC

26 MF

DOC HC  

 

5-5 DOC HC  

2000ppmHC 1%H2O 10%O2/N2;400ml/min 
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NO HC CO2 SO2

5-6 CO2 SO2

NO HC

1% CO2 SO2

DOC 1% CO2 SO2

8

 

 

 
 

5-6 DOC H2O CO2 SO2  

 

5.2.2 SCR  

Standard-SCR CO2 5-7 CO2

0 7% NOx NH3 CO2

NOx

NH3 2

CO2 NH3 (NH4)2CO3

CO2 NH3 NH3

SCR

1% CO2  

Standard-SCR NOx NH3 NH3/NOx

5-8 NH3/NOx 4NO + 4NH3 + O2  4N2 + 6H2O 1

NOx NH3/NOx 1 100%

NH3/NOx 1.3 NOx
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NH3 NOx NH3

NH3 NH3/NOx 1.1  

 

 
5-7 SCR  H2O CO2  

400ml/min 200ppmNO 220ppmNH3 0 7.5%H2O 0 7.5%CO2

10%O2 

 

 
5-8 SCR  NH3/NOx  

400ml/min 200ppmNO 160 250ppmNH3 1%H2O 10%O2  

 

5.3 FT-IR  

 

FT-IR

NH3/NOx=0.9
1.0

1.1

0.9 0.9
0.9

NOx NH3 N2O
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5.3.1  

N2 O2

FT-IR

Lambert-

Beer 5-9

2 4
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5-2 FT-IR  

 
 

 

 
5-14 FT-IR  

  

Point 1 Point 2
cm-1 cm-1 cm-1

NO Area
1913.24 Two points 1913.24 1911.19
1911.43 Average in range 1913.72 1911.43

NO2 Area
1585.92 Two points 1585.80 1584.84
1584.96 Average in range 1586.04 1585.08

N2O Area
2214.64 One point 2141.48
2213.68 Average in range 2143.04

H2O Area
3445.81 Two points 3443.76 3450.99
3447.98 Average in range 3444.36 3452.20

NH3 Area
994.77 Two points 995.01 984.76
990.31 Average in range 997.42 987.06

CO Area
2104.20 Two points 2104.20 2101.31
2102.27 Average in range 2105.28 2102.27

CO2-H Area
2381.29 Two points 2381.90 2381.05

(500 10000ppm)
2381.90 Average in range 2382.14 2381.29

CO2-L Area
2361.90 Two points 2361.90 2361.00

(0 500ppm)
2361.00 Average in range 2362.30 2360.60

C3H6 Area
913.25 Two points 913.49 910.00
911.44 Average in range 914.70 911.32
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